The mechanisms resulting in large daily rainfall events in Northeast Brazil are analyzed using data filtering to exclude periods longer than 30 days. Composites of circulation fields that include all independent events do not reveal any obvious forcing mechanisms as multiple patterns contribute to Northeast Brazil precipitation variability. To isolate coherent patterns, subsets of events are selected based on anomalies that precede the Northeast Brazil precipitation events at different locations. The results indicate that at 108S, 408W, the area of lowest annual rainfall in Brazil, precipitation occurs mainly in association with trailing midlatitude synoptic wave trains originating in either hemisphere. Closer to the equator at 58S, 37.58W, an additional convection precursor is found to the west, with a spatial structure consistent with that of a Kelvin wave. Although these two sites are located within only several hundred kilometers of each other and the midlatitude patterns that induce precipitation appear to be quite similar, the dates on which large precipitation anomalies occur at each location are almost entirely independent, pointing to separate forcing mechanisms.
Introduction
The easternmost part of Brazil, which approximates the area known as Northeast Brazil, is the driest part of that country and also the poorest. Figure 1 (data are described in section 2) shows the large contrast in annual precipitation totals between this region and the Amazon Basin to the west. The low rainfall, coupled with a lack of access to the copious Amazon Basin discharge, makes Northeast Brazil one of the most vulnerable regions on earth to variations in seasonal total rainfall, which are substantial. Kousky (1979) found that the interannual range of precipitation in the most arid parts of northeast Brazil exceeds 40% of the climatological total. As an example that provides perspective to this finding, at the location of minimum precipitation (located at 108S, 408W in our dataset) the average annual precipitation is 530 mm per year with a standard deviation of 97 mm, whereas the Amazon Basin at 08, 658W averages 2450 mm with a standard deviation of 80 mm.
Further increasing vulnerability, almost all rainfall in Northeast Brazil falls in a relatively short season (e.g., Ramos 1975; Hastenrath and Heller 1977; Kousky 1979; Uvo et al. 1998) . Figure 2 shows monthly climatologies at the precipitation minimum (108S, 408W; hereafter referred to as the ''interior'' point) and along the coast (58S, 37.58W; hereafter referred to as the ''coastal'' point). Both these areas receive less than 50 mm per month over May-November and July-December, respectively. March is the wettest month at both locations, but the wet season begins and ends earlier at the interior point than near the coast.
The wet season in Northeast Brazil corresponds to the time of southernmost advance of the warm near-equatorial Atlantic sea surface temperatures (SSTs) and of the overlying low pressure trough in which the intertropical convergence zone (ITCZ) is embedded (Hastenrath and Heller 1977; Hastenrath and Greischar 1993a; Uvo et al. 1998 ; Kucharski et al. 2008) . In years in which SST is anomalously warm south of the equator and cold in the north, the ITCZ extends farther south than usual and Northeast Brazil rainfall is enhanced (e.g., Hastenrath and Greischar 1993a; Uvo et al. 1998) . Consistent with this idea, Moura and Shukla (1981) explained severe drought in Northeast Brazil by arguing that the presence of anomalously warm SSTs north of the equator causes a northward displacement of the ITCZ, which results in upward motion north of the equator and compensating subsidence over Northeast Brazil.
The model developed by Hastenrath and others of an Atlantic ITCZ that responds to SST anomalies is quite useful, as it provides both an understanding of the variability in Northeast Brazil and a method to predict seasonal precipitation. Indeed, the displacement of the ITCZ is responsible for a large fraction of annual precipitation in this region (Xavier et al. 2000) . As noted by several investigators, however, the total seasonal precipitation over Northeast Brazil is made up of discrete events (e.g., Ramos 1975; Kousky 1979; De Souza et al. 2005; Rao et al. 2007 ). We illustrate the discrete nature of the rainfall by considering the stations near the coastal point, located within the region studied by Hastenrath (1990) and Hastenrath and Greischar (1993a) , and near the interior point, an area not covered by those studies. During March-April 1985, the wettest season of the 1979-2005 period included in this study, stations near the coastal point were dry, on average, 41% of days, while overall 60% of stations were dry on a given day during those months. In the interior, 85% of stations, on average, were dry on a given day in February and March.
These findings are consistent with those of Ramos (1975) , who concluded that about six to eight precipitation events yield most of the annual rainfall in Northeast Brazil, and with Moron et al. (2007) , who counted days with precipitation during the wet season in that region and found most stations had fewer than 35. Ramos also found that the disturbances associated with these events move westward at about the same speed as the lower tropospheric wind, and more slowly than one would expect if they were wavelike tropical disturbances. Kousky (1979) noted that these disturbances also moved northward at about the same speed and argued that this progression could indicate an extratropical origin. Kousky (1979) and Kousky and Ferreira (1981) documented northwardpropagating midlatitude cold fronts, or their remains, as the cause of discrete precipitation events in Northeast Brazil.
Low-latitude fronts, at times reaching as far north as Amazonia, are a well-documented feature of South America in all seasons (e.g., Kousky and Ferreira 1981; Garreaud 2000; Vera and Vigliarolo 2000) . At equatorial latitudes, these fronts are mainly manifested in the pressure and wind fields (Garreaud and Wallace 1998; Rickenbach et al. 2002) and moisture signals. Over Northeast Brazil, Kousky (1979) found some agreement between the frequency of occurrence of frontal boundaries and annual rainfall and speculated that precipitation depends more on the character of the fronts than on their number. For example, slowly moving fronts, possibly associated with equatorial wave development, are likely associated with larger precipitation amounts.
The spatial coherence of precipitation in Northeast Brazil is low (Kousky and Chu 1978; Kousky 1979; Silva et al. 2006; Moron et al. 2007) , likely due in part to variations in topography (Silva et al. 2006) . We can quantify the substantial regional variability of wet season precipitation by noting, for instance, that there is only a 0.45 correlation of November-June precipitation between the coastal and interior grid points. Correlations between individual stations at daily time scales fall to near zero beyond 100 km (Moron et al. 2007) .
The purpose of the work presented here is to gain further insight into the causes of high-frequency precipitation events in Northeast Brazil. Although Kousky (1979) identified the remains of northward-propagating fronts as being associated with precipitation in this region, he did not document the temporal and spatial structure of these disturbances in detail. Moreover, there are likely other kinds of perturbations that can induce precipitation in this region, such as fronts originating in the Northern Hemisphere (Molion and Bernardo 2002) . Convectively coupled Kelvin waves propagating along the equator (Wang and Fu 2007; Liebmann et al. 2009 )-some of which originate as pressure surges in central South America forced by Rossby wave activity over the South Pacific (Liebmann et al. 2009 )-may also play a role in triggering rainfall in Northeast Brazil. In view of the low spatial coherence of precipitation in this region, it seems appropriate to examine the forcing mechanisms separately for the interior and coastal regions.
Data
The following analysis covers the period 1979-2005. The starting date was chosen because, after a long period of missing data, a nearly continuous record of outgoing longwave radiation (OLR) begins in January 1979. Missing OLR data are filled by spatial and temporal interpolation (Liebmann and Smith 1996) . Height and wind fields are obtained from the National Centers for Environmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR) Reanalysis I (Kalnay et al. 1996) . Streamfunction is computed from the wind fields using spherical harmonic routines. The gridded precipitation dataset used in the study is described in Liebmann and Allured (2005) , but it has been updated since initial publication. The resolution is 2.58 in latitude and longitude. Stations within 1.8758 of a grid point are included in the gridpoint average. We note that the number of available station records has increased since the earlier studies of precipitation in Northeast Brazil. For example, Hastenrath and Greischar (1993b) employed records from only 27 stations to describe Northeast Brazil rainfall. In contrast, the values of our coastal and interior grid points represent averages of 390 and 293 station records, respectively (although few individual records are complete).
All time series used in this study have been high-pass filtered to remove periods longer than 30 days. The purpose of the filter is to exclude temporal variations on time scales of the Madden-Julian oscillation (MJO; Madden and Julian 1994) , which is known to influence Northeast Brazil precipitation (e.g., Carvalho et al. 2004; Jones et al. 2004; De Souza and Ambrizzi 2006) , while also conveniently removing the seasonal cycle and interannual variability. The Lanczos filter (Duchon 1979) uses 119 weights; thus, the filtered OLR record starts on 1 March 1979.
Results
All results presented here are based on anomalies of filtered precipitation in Northeast Brazil at selected base points. These results yield only marginally cleaner signals than those obtained using OLR and so can be assumed to be representative of convective events. While anomalies are determined using all available data (i.e., without regard to any particular season), there is a strong clustering of events with season. For example, Fig. 3 , which shows the count by month of daily events at least two standard deviations above the residual filtered mean, reveals that most of the events near the coast occur between January and May, whereas those in the interior take place mostly between November and April. There is a general month-by-month correspondence between the count of two-standard-deviation precipitation extremes and climatological precipitation (Fig. 2) .
a. Interior grid point
Interior rain events are chosen as those dates on which filtered precipitation anomalies are at least two standard deviations above the mean, with the condition that for events that exceed this threshold for more than 1 day, only the date with the largest anomaly is included. (The monthly climatological count shown in Fig. 3 includes all 345 dates above the threshold.) There are 260 independent events during the period 1979-2005, which matches the six to eight events per year estimated by Ramos (1975) as producing the bulk of the wet season total. The peak-day average anomaly is 9.8 mm. This section shows lead and lag composites of these 260 events, or selected subsets of events.
To address the possibility that biases have been introduced by basing the composite analysis on filtered precipitation, the above calculation was repeated using unfiltered daily precipitation. That computation yielded 238 dates, 209 of which are in common with those obtained from filtered precipitation. Furthermore, the resulting composites are nearly identical to those presented here using dates based on filtered precipitation. Figure 4 shows lead and lag composites of filtered OLR, 200-mb winds, and streamfunction anomalies for all independent rain events at the interior grid point. Negative OLR anomalies appear at the base point a day before the peak time (day 21) and last for about 3 days, with little evidence of propagation. The 200-mb circulation fields feature westward-propagating cyclones on days 24 and 23 that are somewhat symmetric about the equator, although the axis of symmetry appears to be south of the equator, near 108S. This symmetry breaks down by day 22 and the fields become increasingly asymmetric, with a tighter trough to the south. This trough is the only circulation feature that appears to be connected with the precipitation signal, consistent with Kousky and Gan's (1981) observation of enhanced cloudiness occurring in advance of an upper-level vortex over Northeast Brazil.
The local statistical significance of the wind vectors is estimated by a Monte Carlo approach. A total of 999 sample composites were generated from the same calendar dates used in the actual composite, except the years are mismatched (e.g., composites of wind in 1980 from the 1979 precipitation dates, etc.); within each year the order of dates remains unchanged to preserve the seasonal distribution of the samples. The composite wind speed is calculated for each sample at each grid point and compared to the speed of the actual composite. Vectors are plotted only if their speed exceeds 95% of the sample speeds. This technique is also applied to all subsequent figures.
The same dates are used to produce a composite of 850-mb winds, streamfunction, and temperature (Fig. 5) . The only anomalies that stand out are westerly winds around the base grid point, which are associated with the pronounced cyclone to the south that precedes the maximum in precipitation. A cold anomaly also appears well to the south of the precipitation region and a sharp wind shift from westerly to northwesterly occurs around the base point, perhaps indicative of a frontal boundary.
A lower-level cyclonic anomaly and its attendant westerlies within the precipitation region would be consistent with a ''Gill-type'' response to off-equatorial diabatic heating (Gill 1980 ), but the low-level cyclone is already established and is much stronger 2 days prior to the precipitation peak than at day 0 (Fig. 5a ). The fact that the most coherent circulation anomalies appear to precede the development of the OLR anomaly precludes any explanation in which the circulation pattern is a response to the diabatic heating, such as local instabilities similar to those that occur over the Amazon when largescale forcing is weak (e.g., Silva Dias et al. 2002) . Furthermore, Northeast Brazil is an area with only episodic intense deep convection, unlike the heart of the South American monsoon region, where deep convection is common. Thus, the composites do not suggest any obvious manner by which the rainfall is forced.
In light of the studies of Kousky (1979) and Kousky and Gan (1981) , which indicate that precipitation anomalies in Northeast Brazil are often forced by disturbances propagating into the region from the extratropics, and other studies suggesting a variety of mechanisms producing precipitation patterns over the region (e.g., Rao and Bonatti 1987) , a more probable reason for the indistinct upper-level pattern in Fig. 4 is that this composite displays a blurred mixture of more than one precipitationproducing pattern. This hypothesis can be tested by employing the technique used in Liebmann et al. (2009) to separate the forcing of Kelvin wave activity over the Amazon into events that propagate into the region from the Pacific and events originating from fronts in the Southern Hemisphere.
Our technique for isolating disturbances emanating from different regions is simpler and, in this case at least, more effective than the traditional approach involving empirical orthogonal function (EOF) analysis. Initially, various forms of EOF analysis were applied to this problem but the results were difficult to reconcile with our synoptic understanding of rainfall in this region, gained from detailed inspection of many individual events. Guided by this experience and by examination of composite circulation maps for large precipitation anomalies that appeared to be physically realistic, the independent rain events (as defined above) were instead segregated into subsets according to various criteria. For the interior location, these criteria were developed by noting that many rain events were accompanied by large wave trains propagating into the region from either hemisphere. Figure 6 shows a composite of the subset of events at the interior grid point that are preceded by 200-mb southeasterly wind anomalies of at least one standard deviation at 27.58S, 558W on day 21. The exact precursor point was determined through experimentation. The dates for all two-standard-deviation rain anomalies at the base point are cross-referenced with the precursor dates, the matches are found, and if there are sequential dates only the date with the largest base point anomaly is used. There are 52 days that meet both criteria (out of the original 260). Note that in this figure the streamfunction contour interval and the reference wind vector are both twice as large as those in Fig. 4 . The composite features a readily identifiable pattern of a midlatitude-originating wave train propagating into Northeast Brazil from the southwest, while the Northern Hemisphere is almost featureless. Successive centers that develop downstream and decay upstream signify a northeastward-propagating group velocity, while the circulation anomaly centers themselves are nearly stationary.
The principal OLR anomaly in Fig. 6 is first evident over the ocean off the coast of Brazil on day 24 around the mean position of the oceanic South Atlantic convergence zone (SACZ; e.g., Carvalho et al. 2002) . The anomaly expands along a northwest-southeast axis and moves northward, remaining along the leading edge of the upper-level trough, which is suggestive of midlatitude baroclinic wave dynamics.
The disturbances are reminiscent of the Rossby wave trains that propagate from the Southern Hemisphere midlatitudes into the vicinity of the South Atlantic convergence zone and force subseasonal precipitation there (e.g., Liebmann et al. 1999) . They also bear a resemblance to the Rossby waves associated with pressure surges along the eastern side of the Andes that can trigger a Kelvin wave propagating along the equator (Liebmann et al. 2009 ). The quasi-stationary phase speeds identified in the present study, however, are in contrast with the rapid eastward phase speeds of the synoptic disturbances 382 documented in those studies and also in studies of cold air outbreaks by Garreaud and Wallace (1998) for summer and Vera and Vigliarolo (2000) for winter. These other disturbances also propagate more zonally than those shown here, which have their major axes more tilted in a northwest-southeast direction and therefore are more able to reach the deep tropics. The statistical significance of the pattern shown in Fig. 6 is estimated by a Monte Carlo approach (similar to the technique to assess local significance of the wind vectors) that compares the number of events (all dates) at the base point with a qualifying precursor to an estimation of how many of these events would be expected by chance. The number of chance occurrences is estimated by determining the correspondence for each combination of mismatched years (e.g., the 1979 precipitation dates are compared with the precursor wind dates for years 1980 to 2005 successively, etc.). There is an average of 37 ''random'' events per 27 mismatched years. All matches are counted. Since there were 52 nonconsecutive precipitation and wind dates that actually ''coincided'' (with a 1-day difference), and because the spatial pattern is realistic, the composite is deemed significant.
The vertical structure of the disturbances that originate in the Southern Hemisphere and are associated with precipitation at the interior grid point is now examined by means of pressure-latitude cross sections. The abscissa is latitude along the southwest-northeastoriented line shown in Fig. 6f . Figure 7 shows the filtered streamfunction anomalies in the vertical for each offset corresponding to Fig. 6 . At 508S the disturbance structure is equivalent barotropic, with maximum amplitude close to 300 mb. This is the typical vertical structure of synoptic disturbances observed over the open ocean in both the Southern (e.g., Kidson 1991) and Northern (Hsu 1987) Hemispheres. As the composite disturbance progresses toward the equator, the level of the maximum anomaly increases, while the anomaly at the surface tends to weaken (e.g., Fig. 7d ; day 21). Similar behavior is also seen in the geopotential height field (not shown).
This differential amplitude in the vertical structure is similar to that observed for disturbances propagating equatorward in the North Pacific (e.g., Tomas and Webster 1994; Kiladis 1998) and has been attributed to the vertical shear arising from upper-level westerlies in the upper troposphere to tropical easterlies in the lower and middle troposphere. In the present case, as the disturbance propagates northward, it encounters a dome of mean easterly winds in the longitude band from 558 to 308W that extends from near the surface at 308S and 308N to about 300 mb at the equator (Fig. 8) . Since the disturbance is nearly stationary and since, according to linear wave theory, a stationary Rossby wave cannot propagate through a critical layer from a westerly into an easterly wind region (e.g., Hoskins and Karoly 1981) , this low-level ''easterly dome'' would explain why the circulation anomalies weaken at low levels as they move northward (Tomas and Webster 1994) . Also of relevance is the fact that, as upper tropospheric potential vorticity (PV) anomalies propagate equatorward, their depth of influence (or vertical scale) should decrease according to the Prandtl-Rossby-Burger relationship, owing to a decrease in the Coriolis parameter (Hoskins et al. 1985) . Consistent with both of these arguments, the low-level signal in the anomalous streamfunction field becomes weak in the vicinity of the convection.
Temperature anomalies for the same cross section as in Fig. 7 , except for offsets 22 to 0, are shown in Figs. 9a-c. In midlatitudes they are consistent with the circulation anomalies, with opposite-signed temperature perturbations located above and below the maxima in streamfunction (or height). The temperature signal weakens as the disturbance approaches the equator, although a baroclinic structure with a poleward and westward tilt persists well into the subtropics. Negative surface temperature anomalies, although weak, extend into the region of convection at 108S on day 0, consistent with Kousky (1979) 's contention that precipitation in Northeast Brazil is often associated with the remains of cold fronts.
Anomalies in the specific humidity field, on the other hand, do not diminish as the disturbance progresses northward (Figs. 9d-f) . Humidity peaks within the region of convection at 108S, with anomalously dry conditions seen to the southwest, also characteristic of a frontal boundary. Overall, the vertical structure differs from that usually observed in a convectively coupled equatorial waves. In the majority of such disturbances, the peak moisture perturbations tend to occur at around 500 hPa and near the top of the boundary layer ), whereas these signals are largest at the surface and 700 hPa in Figs. 9d-f . This may reflect a relative lack of deep convective activity as opposed to more shallow rain processes, as might be expected in a weak frontal environment.
A second pattern associated with precipitation at the interior grid point, similar in structure to the one just described (Fig. 6 ) but originating in the Northern Hemisphere (Fig. 10) , is obtained by requiring, as an additional constraint, a northeasterly 200-mb wind of at least one standard deviation above the mean on day 21 at 108N, 57.58W, again fine-tuned through experimentation. There are 66 dates that satisfy this criterion, while the desynchronization statistical estimation technique yields an expected count of 59 dates, so the pattern is deemed as marginally significant. Although there are seven dates in common with the 52 dates that comprise the Northern Hemisphere pattern (Fig. 6 ), excluding these common dates from the composites does not make a noticeable change in either pattern. In this case the convective signal again occurs southeastward of what would be classified as an upper trough in the Northern Hemisphere, even though the OLR pattern is well south of the equator. The dynamics of this type of event are therefore less clear. The authors have been unable to find any discussion of these cross-equatorial upper-level events in the literature in relation to Northeast Brazil precipitation, although Molion and Bernardo (2002) noted crossequatorial frontal penetration into northern Northeast Brazil, particularly during La Niñ a events. Vertical cross sections of temperature and humidity (not shown) are similar to those for the Southern Hemisphere pattern but are displaced southward, relatively symmetric about the rainfall center at 108S. The temperature signal, however, is not frontal in nature but instead shows a weak cold anomaly centered at 700 mb over an even weaker warm anomaly near the surface, implying reduced static stability. While the origin of these temperature signals is unclear, it is unlikely to be related to advection, since the circulation anomalies at these levels are quite small. At low levels, the composites for disturbances originating in the Southern and Northern Hemispheres share some common features, namely westerlies near the base point and a cyclone to its south (not shown). This commonality explains why those features are evident and significant in the otherwise washed-out composites of Fig. 5 . While for the Southern Hemisphere-originating disturbances the cyclone is dynamically consistent with the upper-level wave train (Fig. 6) , the connection is less clear for the Northern Hemisphere-originating disturbance (Fig. 10) .
The midlatitude-originating waves discussed above are expected to vary with season. This seasonality can be examined by taking the wind events at the precursor locations as a proxy for wave activity with the potential to affect Northeast Brazil precipitation. The average monthly count of one-standard-deviation wind events used as additional criteria for the composites in Figs. 6 and 10 is shown in Fig. 11 . As one would anticipate, the highest counts occur in the respective winter seasons, when midlatitude baroclinic activity is strongest. Thus, it appears that the limiting factor for precipitation at the interior grid point during the dry season (May-October) is not the absence of wave activity (since this is the peak time of occurrence of SH wave events) but more likely the northward migration of the equatorial trough and associated low-level confluence, as suggested by Hastenrath and Lamb (1977) . There may also be additional seasonal changes to unfavorable conditions, such as a shift in the basic-state zonal wind that the SH wave train encounters as it propagates equatorward. Figure 12 shows the count per month of the dates that entered the composites in Figs. 6 and 10. From December to April, which comprises most of the wet season, events originating in the Northern Hemisphere dominate, seemingly reflecting the favorable timing of this hemisphere annual cycle of baroclinic wave activity. During the rest of the year, there is an about equal number of events initiated from either hemisphere or slightly fewer NH-initiated events. Note that about half (45%) of all the two-standard-deviation independent precipitation events (260) are included in these composite dates.
b. Coastal grid point
Large filtered precipitation anomalies at the interior grid point are, somewhat surprisingly, nearly unrelated to those at the coastal grid point, suggesting that different mechanisms are responsible for precipitation at each location. There are 345 and 314 dates with two standard deviation anomalies at the interior and coastal grid points, respectively, but only 40 common dates (and 45 common dates if the interior dates lead by one day). While this is more than the 22 dates expected to occur from random chance (based on a Monte Carlo estimate), it is much less than one would expect if the same circulation patterns contributed to precipitation variability at both points. Figure 13 is produced by lead-lag compositing the largest anomalies in a sequence of two standard precipitation anomaly events (day 0) at the coastal grid . Note that the specific humidity data are available only up to 300 hPa.
FIG. 10. Composite of 66 independent dates on which precipitation at the interior grid point was at least 2 standard deviations above the annual mean, subject to the additional constraint that 200-mb northeasterly wind anomalies at 108N, 57.58W (marked by the white dot on the day 21 map) were 1 standard deviation above their annual mean 1 day prior to the precipitation event. Contours, shading, and vectors represent the same quantities and are at the same intervals as in Fig. 6 . point (58S, 37.58W). It would be nearly featureless if the contour, shading intervals, and reference vector were not much smaller than those in Fig. 4 , the analogous figure using the interior base point. Nonetheless, the map proves useful for identifying possible precursors for convection at this coastal location. For instance, on day 22 there are large 200-mb southeasterly wind anomalies at 308S, 558W (the map shows only the vector at that grid point that is statistically significant). The subcomposite obtained by requiring one-standard-deviation southeasterly anomalies at this point is almost identical to that obtained using the 27.58S, 558W grid point. The latter point is then used as a precursor because it is the same point used to produce Fig. 6 , leading to some interesting comparisons. Figure 14 shows the resulting 62-date composite based on rainfall anomalies at the coastal grid point with a wind precursor at 27.58S, 558W. Up until day 21, the wave train is quite similar to, but slightly stronger than, the circulation pattern leading to precipitation at the interior grid point (Fig. 6) . Subsequently, however, the ridge centered at about 408S translates eastward as part of a zonally oriented wave train propagating along that latitude, rather than remaining nearly stationary, as was the case for the pattern in Fig. 6 . The vertical streamfunction, temperature, and specific humidity profiles (not shown) are qualitatively similar to those for the interior grid point.
In spite of the similarity between the Southern Hemisphere wave trains that give rise to precipitation at the coastal and interior grid points, and the fact that the same precursor is used, only 2 of the 62 (coastal) and 52 (interior) dates are in common, with the interior dates leading the coastal dates by one day. Thus, an overwhelming majority of wave train events at each point are unique; suggesting that while the impingement of extratropical wave trains into South American low latitudes is quite common, the individual disturbances leading to precipitation at fairly close locations that are nearly independent.
The same resemblance is observed between the Northern Hemisphere wave trains identified as inducing precipitation at the coast (Fig. 15 ) and in the interior (Fig.  10) . For both figures the precursor used is one-standarddeviation northeasterly 200-mb wind anomalies at 108N, 57.58W, with a 1-day lead. Yet again, in spite of the apparent similarities, particularly at lag 0, only 11 of the 66 (interior) and 67 (coastal) dates are in common.
Returning to Fig. 13 , weak OLR anomalies can be seen east and west of the coastal base point on day 22. Analogous precursor OLR anomalies do not appear in the composite for the interior grid point (Fig. 4) , even when the shading intervals are reduced to those of the present figure. Since it is desirable to examine the evolution of both anomalies in a consistent manner, OLR is used as a precursor. Figure 16 shows a composite for interior precipitation anomalies that are preceded at day 22 by one-standard-deviation OLR anomalies at 2.58S, 57.58W. Note the smaller streamfunction contour FIG. 14. Composite of 62 independent dates on which precipitation at the coastal grid point was at least 2 standard deviations above the annual mean, subject to the additional constraint that 200-mb southeasterly wind anomalies at 27.58S, 558W (marked by the dot on the day 22 map) were 1 standard deviation above their annual mean 2 days prior to the precipitation event. Contours, shading, and vectors are as in Fig. 6 .
Composite of 67 independent dates on which precipitation at the coastal grid point was at least 2 standard deviations above the annual mean, subject to the additional constraint that 200-mb northeasterly wind anomalies at 108N, 57.58W (marked by the dot on the day 21 map) were 1 standard deviation above their annual mean 1 day prior to the precipitation event. Contours, shading, and vectors are as in Fig. 6. interval and reference vector compared to previous composites. At day 24 a convective anomaly is evident over the Andes Mountains near the equator and subsequently moves eastward. Although these OLR anomalies are reminiscent of Liebmann et al.'s (2009) composites of Kelvin wave-like disturbances first appearing over the western Amazon, the associated circulation anomalies are not significant or comparable.
The analogous composite, constructed using OLR anomalies to the east of the base point at day 22 as a FIG. 16 . Composite of 80 independent dates on which precipitation at the coastal grid point was at least 2 standard deviations above the annual mean, subject to the additional constraint that OLR anomalies at 2.58N, 57.58W (marked by the dot on the day 22 map) were 1 standard deviation above their annual mean 2 days prior to the precipitation event. Contours, shading, and vectors are as in Fig. 6 . The 200-mb streamfunction anomalies are contoured at an interval of 7.5 3 10 5 m 2 s
22
, with the 0 contour omitted and negative contours dashed. 392 precursor, is not shown here because the OLR anomaly forms close to the coast and the circulation pattern is not readily interpretable. Although it is commonly believed that disturbances embedded in the Atlantic intertropical convergence zone propagate westward, triggering precipitation in Northeast Brazil (e.g., Ramos 1975) , that signal is not apparent here. It is possible that the indistinct composites result from there still being a mixture of forcing mechanisms. For example, 20 of the 102 dates in this last composite are shared by the composite with a Northern Hemisphere precursor, whereas only 2.3 are expected to coincide. Kousky (1979) noted that the westward-moving disturbances identified by Ramos (1975) , which have slower phase speeds than tropical disturbances, were also moving equatorward; he suggested that they may not be of tropical origin. At the coastal grid point there are 384 two-standarddeviation precipitation anomaly events during the 1979-2005 period. The composite of those events (Fig. 13) includes just 314 dates because only the day with the largest anomalies within a consecutive run of dates is included. A two-standard-deviation event represents 5.7 mm of anomalous rainfall per day. Of the 314 events, 231 (or 75%) are included in at least one of the subcomposites (i.e., Figs. 14-16 or the composite using a precursor OLR anomaly east of the base grid point). It is likely that several more events would fit into one of those four categories if the precursor were slightly modified (e.g., a change in the precursor wind direction). Also, if the precursor threshold were lowered, more events would likely be included in each composite, resulting in more of the total rainfall being accounted for by the patterns identified. It is not clear whether the remaining unclassified precipitation events arise from various disparate mechanisms or whether there are other coherent distinct circulation patterns that were missed using the precursor technique.
c. Associations with the Madden-Julian oscillation
Precipitation throughout the tropics is modulated by the MJO, and indeed the passage of the convectively active phase the MJO is known to be associated with clustering of high daily precipitation events in Northeast Brazil (e.g., Carvalho et al. 2004; Jones et al. 2004 ). To examine the MJO influence on the large daily precipitation events documented here, these events are binned according to the phase of the MJO. This phase is determined by a multivariate empirical orthogonal function analysis in the tropical sector developed by and Jones and Carvalho (2011) . Composites of OLR for the eight phases of the MJO obtained using this index are quite similar to those computed by Wheeler and Hendon (2004) using somewhat different parameters.
The shaded circles in Fig. 17 show the percent of days with 2-standard-deviation daily precipitation events when the MJO is in each of its phases, with quiescent periods (MJO inactive) indicated by the 0 phase. Phases 1, 2, and 8 are characterized by anomalously low OLR over Northeastern Brazil, while anomalously high OLR is present during phases 4 and 6. Anomalies are small during phases 3 and 7. The open circles indicate the percent expected to coincide with each phase, based on the previously described shuffling technique.
The relative occurrence of daily events is largely consistent with the large-scale OLR composite based on MJO phase (cf. Fig. 1 in Jones and Carvalho 2011) , with increased frequency of events during phases 8, 1, and 2 and reduced frequency during phases 4-6 (the only dissonance occurs for phase 3). The other categories of events (e.g., the coastal point with a precursor) show similar relationships with the phase of the MJO (not shown), with the only inconsistencies found during the transition phases 3 and 7. The corresponding plot using one-standard-deviation precipitation events is quite similar except for an increase in the percent values in each category (not shown). These results demonstrate a modulation of the high-frequency precipitation events investigated here, likely due to changes in the extratropical and/or tropical basic-state flow associated with the MJO. Further study of this relationship is planned. 
Summary
Coherent circulation patterns that give rise to precipitation in Northeast Brazil are identified through composite analyses, using high-pass filtered data with a 30-day cutoff. The composite for all extreme events is modified by requiring a precursor criterion to hold, which allows identification of several distinct circulation patterns that do not appear in the full composite. This methodology, however, is necessarily subjective and likely does not isolate all coherent patterns associated with Northeast Brazil precipitation, although it appears to capture the most common of them.
Two locations in Northeast Brazil were selected for this analysis. One is located near the coast, slightly north of Brazil's easternmost point, within the region studied by Hastenrath and his collaborators. The other is situated inland at the point of minimum annual precipitation. At both points precipitation is associated with quasi-stationary midlatitude synoptic wave trains that can originate in either hemisphere, although a low-level cyclone to the south of the precipitation region occurs in both cases. As these waves propagate into the tropics, they encounter a dome of easterlies centered at the equator. Since easterly winds inhibit propagation of nearly stationary waves, this effect may explain the progressively vanishing circulation signal at low levels as the waves propagate equatorward (Fig. 7) . Nevertheless, from wave trains originating in the Southern Hemisphere there are substantial signals in temperature and moisture that reflect decaying low-level frontal boundaries associated with precipitation events over the region (Fig. 9) , as was found in earlier work by Kousky (1979) . We here verify that these boundaries are related to extratropical wave activity propagating into the region. Northern Hemisphere originating wave trains do not exhibit low-level patterns indicative of frontal activity.
Although the present results suggest enhanced precipitation associated with upper-level, equatorwardpropagating cyclonic disturbances (Figs. 6, 7 , and 10), we note that Rao et al. (2007) found an inverse relationship between the number of South Atlantic upper-level cyclonic vortices that penetrate close to the equator during the wet season, as determined by Waugh and Polvani (2000) , and Northeast Brazil seasonal precipitation. Their argument is that more high-potential vorticity intrusions over the Atlantic result in an anomalous upper-level cyclonic circulation over Northeast Brazil, which promotes upper tropospheric convergence and sinking (Kousky and Gan 1981) .
Somewhat surprisingly, in spite of the close proximity of the coastal and interior points and the similarity of the associated composite wave trains, the rainfall dates for each point are nearly independent of each other, for events of both Northern and Southern Hemisphere origin. A high-resolution numerical simulation, however, might reveal salient differences between the two patterns.
For the near-coastal point at 58S, OLR precursors appear both east and west of the base point. Those from the east do not seem to be associated with any particular signal, but those from the west can be traced as far west as the eastern flank of the Andes Mountains. In some respects they resemble the coupled Kelvin waves discussed by Wang and Fu (2007) and Liebmann et al. (2009) , although there a strong signature in the circulation pattern is lacking.
The annual cycle peak in the frequency of midlatitude wave trains that can influence Northeast Brazil precipitation occurs during each hemisphere's respective winter season. However, the count of midlatitude wave train events that actually result in Northeast Brazil precipitation is largest during the wet season. Furthermore, only a small fraction of the total wave events result in precipitation anomalies. Therefore we speculate that interannual variability of rainfall is not controlled by year-to-year changes in the number of wave trains impinging on Northeast Brazil but rather is due to meridional variations of the near-stationary trough at that location, as discussed by Hastenrath and collaborators.
During the wet phases of the MJO there is a clustering of large precipitation events, in agreement with previous studies. This relationship implies a modulation of the type of patterns investigated here via changes in the basic-state flow driven by the MJO. We expect a similar clustering to occur during La Niñ a events, as these tend to be accompanied by enhanced mean precipitation in Northeast Brazil (e.g., Folland et al. 2001) . The details of these relationships are currently being investigated.
